INTRODUCTION
Audiological diagnostic after hearing screening failure should be performed through a battery of tests appropriate to age and child development (1) . Tympanometry is part of this battery due to its objectivity and the fact that it allows the assessment of middle ear (ME) conditions, helping in the differential diagnosis between sensorineural or middle ear alterations.
Literature has shown that, in newborns and infants, tympanograms obtained with low frequency probe tones can be registered as normal, even in the presence of ME disease (2) (3) (4) (5) (6) . On the other hand, high frequency probe tones, especially 1 kHz, have higher sensitivity to identify these alterations and, therefore, should be used in neonates and infants under seven months of age (7) (8) (9) (10) (11) (12) . Disagreements are also observed in literature regarding the age at which the high frequency tone test should be used. The Joint Committee on Infant Hearing (JCIH) (1) and the UK Newborn Hearing Screening Programme (13) recommend that, for infants under six months old, tympanometry is conducted using 1 kHz probe tone. This recommendation is also found in literature regarding infants under four (14) and five months (11) of age. Other authors (15) , however, suggest 1 kHz probe tone for infants until three months old. As for infants between three and nine months old, according to the same study, middle ear assessment should be performed in two stages: first using the 1 kHz probe tone, and, in cases of failure in the results for this probe tone, tympanometry using 226 Hz tone. For infants over nine months old, the authors suggest the use of low frequency probe tone. These programs justify their use as a function of the resonance characteristics of infants' middle ear, and of some effects of the movement of the ear canal wall, which can be minimized by using high frequency probe tones.
Several researchers (16) (17) (18) (19) (20) (21) (22) (23) have studied 226 Hz and 1 kHz tympanometry in neonates and infants, and have characterized the different types of tympanometric curves for these probe tones. They have also sought to establish correlations with the results obtained in the Otoacoustic Emissions (OAE) and the Brainstem Auditory Evoked Potential (BAEP), as well as to analyze the differences related to gender and ears.
Nonetheless, in the age range under six months old, the tympanometric curves found do not differentiate the presence or absence of middle ear alterations, that is, false positives and false negatives, in both frequencies of 226 Hz and 1 kHz, evidencing the need for better interpretation of them.
Thus, there is a need to study the influence of age and probe tone frequency used to obtain information regarding middle ear acoustic measurements and, hence, to provide more information on the use of these measures in clinical pediatrics. Moreover, it is used the cross check reasoning, that is, the use of more than one audiological procedure to define the hearing status and the auditory function, as in this study, which uses tympanometry associated with the record of otoacoustic emissions.
The purpose of this study was to analyze the results of tympanometry obtained with 226 Hz and 1 kHz probe tones in infants with risk indicators for hearing loss, and to relate them to the results obtained in OAE, analyzing the outcomes according to age group.
METHODS
This is a quantitative descriptive cross-sectional study. It was conducted from March 2008 to January 2009 in a high complexity hearing health referral service of the state of São Paulo, Brazil, covenant with the Unified Health System. The study was approved by the Research Ethics Committee of the Pontifícia Universidade Católica de São Paulo (PUC-SP), under protocol number 065/2007. Subjects' legal guardians signed a free and informed consent term, allowing their participation in the study and the dissemination of its results.
Participants were 142 infants, 72 male and 70 female, with ages between 12 and 180 days, and gestational age (GA) between 38 and 42 weeks. Birth weight ranged from 1,760 g and 4,363 g. Subjects were referred from maternity hospitals in the city of São Paulo, SP, Brazil, for outpatient hearing screening. All subjects presented risk indicators for hearing loss (RIHL) according to international criteria (1) . Screening procedures included Transient Otoacoustic Emissions (TOAE) at 73 dBpNPS intensity; and the Automated Auditory Brainstem Response (AABR) at 35 dBNA, using the automatic equipment AccuScreen, from GN Resound®.
All infants, included in the study for presenting RIHL, were submitted to the AABR test and showed present responses in both ears. However, in this study, only TOAE results were analyzed. Subjects were then divided into age groups -0 to 90 days and 91 to 180 days -and also into group 1, comprising subjects with present TOAE, and group 2, subjects with absent TOAE.
Tympanometry was carried out using the middle ear analyzer AT 235h, from Interacoustics®, characterized as an automatic equipment with graphic print, using probe tones of 226 Hz and 1 kHz. Pressure ranged from +200 daPa to -400 daPa, with 50 daPa/second speed and 85 dBNPS intensity, for both probe tones. All tests were conducted with the child in the mother's or caregiver's lap while in natural sleep or, when this was not possible, in peaceful state with no moving.
Infants were assessed using the 226 Hz probe tone, followed by the 1 kHz probe tone. The first ear assessed was not pre-defined, hence the choice was based on the position of the infant in the mother's or caregiver's lap at the beginning of the exam. Were excluded ears from which the tympanometric curve could not be obtained due to exhaust pressure. Therefore, some children did not have both ears analyzed.
According to previous studies (24) (25) (26) , tympanometric curves were classified into types A, Flat, C, and DP (Double Peak), as well as into normal (type A) or altered (types C and Flat), using a 226 Hz probe tone; and into types A, Flat, C, DP, Asymmetrical (ASS) and Inverted (I), as well as into normal (type A) or altered (C and Flat types), using a 1 kHz probe tone. For the classification into normal or altered, curve types DP, ASS and I were excluded because there is still controversies in literature regarding normal standards (11, 15, 17, 20, 21, 23) . In data analysis the types of tympanometric curves obtained with both probe tones were described and related to TOAE results based on statistical tests, in order to verify the specificity and sensitivity of these tones.
RESULTS
In this study, 142 children were evaluated, 70 (49.3%) female and 72 (50.7%) male, with ages between 12 and 180 days. However, only 245 ears were analyzed (123 right ears and 122 left ears).
No differences were observed between ears regarding tympanometric types, hence, data were analyzed altogether.
Types of tympanometric curves
The records of 245 tympanograms were analyzed, and six types of tympanometric curves were observed: A, ASS, C, DP, I, Flat.
The analysis of the types of tympanometric curves according to age (Table 1) showed that type A had higher percentage Note: A = type A curve; C = type C curve; DP = double peak curve of occurrence than the other types in both age groups; however, the proportion of type A in the age group ≤90 days was lower than in the group >90 days. It was also verified that the type DP had higher occurrence in the younger group, while type C was the less frequent in both age groups. Table 2 shows that type A curve predominated in both age groups for both ears. Types ASS, Flat and I had higher percentage of occurrence in infants older than 90 days, and types DP and C, in subjects younger than 90 days.
For 226 Hz, type A tympanogram was predominant, followed by type DP. Similarly, for the higher frequency probe tone, there was a predominance of type A curve, followed, however, by Flat curve. Table 3 presents the distribution of different tympanometric curves, showing the agreement between the results in the two probe tones used. When the probe tones of 226 Hz and 1 kHz are associated to the same infant, it is possible to observe the tympanometric curves found in each situation.
Types of tympanometric curves according to TOAE results
We evaluated 245 ears using the TOAE protocol, 211 with present responses and 34 with absent responses. Table 4 shows the association between the types of tympanometric curves and the results obtained in TOAE for both groups.
When the types of curves obtained using the 226 Hz tone were analyzed according to the TOAE results, the type A curve was predominant in both groups for both ears, and the type DP presented higher percentage in group 1. Oppositely, with 1 kHz the type A curve predominated in group 1, and the type Flat was more frequent in group 2. Table 5 presents the occurrences and percentages of the results for the type of curve, normal or altered, and the relationship with TOAE results, that is, in groups 1 and 2. It was found that, at 226 Hz, normal results were predominant in both groups, while at 1 kHz normal results predominated in group 1.
We also analyzed which probe tone was closer to the TOAE results, as shown in Chart 1. To this end, the Cohen's Kappa coefficient was calculated (27) . In the situation of perfect agreement, the Kappa equals one. It is observed that the average agreement value for the right ear at 226 Hz is considerably lower than the same value at 1 kHz. When the limits of the confidence intervals for 226 Hz and 1 kHz are compared, it is noted a small intersection, indicating that the agreement is higher for 1 kHz.
Sensitivity, specificity, and proportions of false positives and false negatives for 226 Hz and 1 kHz curves are presented in Chart 2. Due to the impossibility to use medical otoscopy to evidence middle ear alterations in the children evaluated in this study, the present or absent result in the otoacoustic Note: A = type A curve; ASS = asymmetrical curve; C = type C curve; DP = double peak curve; I = inverted curve Note: A = type A curve; ASS = asymmetrical curve; C = type C curve; DP = double peak curve; I = inverted curve emissions was used as parameter to confirm these alterations, as already used in previous studies (21) . It can be observed that the sensitivity is greater when the 1 kHz probe tone is used. With regards to specificity, when the 226 Hz probe tone is used, the values are slightly higher. On the other hand, the "false positive" and "false negative" results were less frequent at 1 kHz.
DISCUSSION
Tympanometry provides important information regarding the conditions of the middle ear, and helps the diagnosis of temporary conducive hearing loss due to middle ear alterations (7, 8) .
When the age range of subjects is analyzed using the 226 Note: TOAE = Transient Otoacoustic Emissions; A = type A curve; ASS = asymmetrical curve; C = type C curve; DP = double peak curve; I = inverted curve; Group 1 = present TOAE; Group 2 = absent TOAE PS.: Curve types ASS and I were not found at 226 Hz Hz tone, it is observed that the percentage of curves types A and Flat increased with age, while the type DP decreased. In a previous study (15) , the percentage of type A curves also increased with age, while the DP curves decreased. In adulthood, 100% of the tympanograms presented type A curve, and the DP curve was not observed in children older than nine months. However, unlike the present study, Flat curve occurred in high proportions in both age groups.
It was found that for 1 kHz probe tone, curve types A, C and DP decreased with age. In a previous study (16) it was also observed a decrease in the number of type DP tympanograms with age. However, other authors (15) , in contrast, have observed an increase in the number of type DP curves. The differences from the present study could be explained by the fact that the sample of the previous study did not include children with suspicion of middle ear disease, which may have influenced the type of curve in the different age groups in the current study.
All infants assessed in this study, passed the hearing screening performed with AABR. Under these conditions, considering a screening protocol that uses both TOAE and AABR, the absence of TOAE responses is a strong indication of possible external or middle ear alteration. Thus, it was possible to relate the types of tympanometric curves with the TOAE results, and also to analyze the sensitivity of low and high frequency probe tones to infer possible middle ear diseases.
The analysis of the types of tympanometric curves obtained with probe tone of 226 Hz, regardless of the outcome on the TOAE, allowed noting that the type A curve predominated over the others, followed by the DP type. On the other hand, Flat and C curves had lower incidence.
The results observed regarding the frequency of occurrence of the different types of tympanometric curves were similar to those obtained in another study with infants between 13 and 248 days, which also showed predominance of type A curves (89.69%), and fewer DP curves (10.31%) (17) . In a previous study (21) with younger infants, whose ages varied from six to 30 days, a balance was observed between curve types A and DP. These differences are probably due to ear canal size and the ears resonance characteristics for different age groups.
For the 1 kHz probe tone, it was also possible to verify that the type A curve predominated over the other types. The second highest occurrence was the Flat curve, followed by types ASS and C and, less frequently, types DP and I.
Similar results were found in another study (17) , which found a percentage of 85.72% for type A curves. However, unlike the present study, DP curves were found in 2.6% of the subjects studied, ASS in 5.19%, I in 5.19%, and Flat in 1.3% of the children. These results also agree with those of other researchers (20) , who found type A curves in 92.2%, Flat curves in 5.7%, DP in 1.2%, and other atypical curves in 0.8% of the ears. High incidence of type A curves (70.9%), followed by ASS (28.2%) and I curves (0.9%), was also found in a study with infants up to 30 days (21) . In group 1, the types of curves obtained with probe tone of 226 Hz, related to the TOAE results, resemble the results of other studies (17, 22) which also showed type A tympanometric curves in most ears with present TOAE responses. Other researchers (20, 21) found higher frequency of curve types A and DP in patients with present OAE. In group 2, with absent TOAE responses, most children presented type A curve, followed by Flat, corroborating the results of a previous study (22) , which also found a higher percentage of type A curve (48.5%), however with Flat curves (33.3%) in higher percentage than the present study.
With probe tone of 1 kHz, in the group of children with present TOAE, type A curve was present in higher number. Similar previous studies (17, 20) also found type A curves in most of the ears assessed. Another study with infants (22) obtained high percentage of type A curve, followed by ASS, but did not find records of DP and Flat curves.
Thus, it is known that the mobility of the ear canal and the equivalent volume of the middle ear can influence the results of tympanometry, based on the resonance generated by the tones used. This influence is less important when a 1 kHz tone is used, allowing better admittance measures (5) . In addition, new studies are being conducted in search of new technologies that will enable more accurate interpretation of the findings obtained in the assessment of the middle ear and its alterations, as it is the case of the acoustic reflectance measurement.
In the ears with absent TOAE, the present study found a higher number of Flat curves than type A curves. An international research (11) also found Flat curves in most of the tested ears; however, unlike this study, none of the subjects in the group of children with middle ear alteration presented normal curve.
The explanation for the occurrence of various tympanometric types with present OAE and supposedly normal ME function is unclear. This may be due to factors such as normal variation within population, or mild ME dysfunction that does not hinder the registration of OAE. It is also possible that the frequency of the tone test used was not high enough for some newborns (20) . This author also notes that there may have been inadequate probe sealing or child movements, producing artifacts during the test. This explanation does not apply to the present study, since only the tympanometric curves satisfactorily obtained were analyzed, that is, curves obtained with no child movements, no exhaust pressure during the test, and with a clear and well defined outline. Finally, the author emphasizes that there is not always a direct correspondence between ME conditions and the tympanometric type (20) . Considering the classification of the tympanometric curves in normal or altered with the 226 Hz probe tone, this study showed predominance of normal results, regardless the TOAE outcome. In the group with present TOAE, most ears were considered normal, as well as in the group with absent TOAE, and only a few were considered altered. These results show that the 226 Hz tone presented little sensitivity to identify ME alterations.
For the 1 kHz probe tone, in the group with present TOAE most of the ears were considered normal, and in the group with absent TOAE most tympanometric curves were altered. That is, the tympanometric curves were better discriminated when the 1 kHz tone was used, showing greater sensitivity to detect ME alterations.
The analyses of sensitivity, specificity and proportion of false positives and false negatives at 226 Hz and 1 kHz, in relation to TOAE results, showed that the 1 kHz probe tone had higher sensitivity, corroborating previous studies (11, 18) that also found that the use of 226 Hz probe tone has low sensitivity for the assessment of infants, since normal tympanograms were registered even in the presence of ME alterations. These studies concluded that the high frequency probe tone has greater sensitivity to detect ME alterations in neonates and infants, and should, therefore, be the frequency of choice for this population.
Regarding the specificity with the 226 Hz probe tone, the values were slightly higher; however, the false positives and false negatives were less frequent with 1 kHz. These results are similar to those of other authors (19) who observed, in the presence of TOAE and Distortion Product Otoacoustic Emissions (DPOAE), altered results in the 226 Hz tympanometry, suggesting that this tone produces a high rate of false positive results in the detection of ME alterations. The 1 kHz tone, in contrast, showed altered results in the absence of TOAE and DPOAE, indicating a low rate of false positives. Another study (23) observed that, in infants with present TOAE, both tones had good specificity; however, for infants with absent TOAE, the 1 kHz probe tone was more sensitive to identify possible ME alterations.
Within an audiological diagnostic service, the specificity and sensitivity of the tests used are crucial to ensure all aspects related to the quality of the program developed.
Since in the present study all infants had present responses in the AABR, the fails in the TOAE may be related to the occurrence of ME alterations, which are very common in this population; therefore the specificity and sensitivity of the tympanometry using 226 kHz and 1 kHz probe tones could be evaluated.
Like other studies, this research has shown limitations in the use of tympanometry for the age range under six months, both for 226 Hz and 1 kHz probe tones. Even though the 1 kHz probe tone has shown more accurate results, currently studies using acoustic reflectance must be emphasized, so that we can investigate whether this new procedure can be used in child audiology practice, as part of the battery of tests needed.
CONCLUSION
Based on the results obtained in this research, it can be conclude that there was a higher occurrence of type A curves compared to other curves for both probe tones (226 Hz and 1 kHz). The 1 kHz probe tone showed higher sensitivity to correctly detect abnormal tympanometric curves, while the 226 Hz probe tone presented higher specificity. With regards to age range, it can be conclude that the results for conventional tympanometry using a 226 Hz probe tone get better with age.
Both probe tones presented false positives and false negatives results, however these are less frequent with 1 kHz, and therefore this is the most appropriate tone to assess newborns and infants under six months old.
